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Abstract: A new approach for accurate quantitative determination by fluorine nuclear magnetic resonance (19F NMR) spectroscopy is presented and discussed. 19F NMR spectroscopy has similar properties to 1H NMR spectroscopy except for the wide chemical shift dispersion, which is the main difference between the two techniques. The off-resonance effect, which is caused by the chemical shift difference between the excitation pulse offset and the resonance signal position, is expected to be the most important parameter influencing the accuracy of the quantitative analysis by 19F NMR spectroscopy. We propose a new method that reduces the influence of the off-resonance effect in 19F NMR measurement. First, we discussed the areas of signals originating from different functional groups in a molecule. Then, we evaluated the areas of signals originating from two different reference materials (RMs). The accuracy of the ratios of two signal areas in the 19F NMR spectrum of a molecule of Potassium perfluorooctanesulfonate was less than 1 %. We also evaluated the purity of flusulfamide and diflubenzuron as RMs, and found that the method could determine the purity to less than 1 % accuracy relative to the reference values.
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1. Introduction

In conventional methods for quantitative analysis, such as chromatography, a reference material (RM) of a target analyte is essential to obtain accurate quantitative results. In contrast, in the quantitative NMR technique, an RM that differs from the target analyte is used [1]. Characterized by this unique property, the application of the quantitative NMR technique to the direct analysis of potency or the purity determination of RMs has attracted much interest. Several papers have been published on the quantitative analysis by 1H NMR spectroscopy [2-4]. As it can be used not only for the purity determination of a pure material [5-7] but also for the concentration evaluation [8-10], this technique is a high-utility analytical method. Discussions of the accuracy of quantitative 1H NMR spectroscopy in purity determination have also emerged [5,11,12].

19F NMR spectroscopy has similar properties to 1H NMR spectroscopy; the two techniques have identical nuclear spin and similar resonance frequency and sensitivity. The relative isotope abundance is 100 % [13]. However, unlike 1H nuclei, 19F is structurally isolated in many cases. Based on these facts, quantitative 19F NMR spectroscopy is considered to be a useful analytical method. Organic fluorine compounds are high-functionality compounds used in various fields, and they are attractive as an analyte [14]. Some applications have been reported [15,16]. However, the precision of the results, such as repeatability, is mainly discussed in those papers, and as far as we know, there are no reports discussing in detail the methodology for accurate analysis. The main difference between 19F NMR spectroscopy and 1H NMR spectroscopy is the chemical shift dispersion. The chemical shifts of the resonance signals in the 19F NMR spectra are sensitive to their surrounding structures. Due to the wide chemical shift dispersion, an excitation pulse cannot produce a uniform excitation throughout the chemical shift region of interest. In this regard, the relative position between a resonance signal and an excitation pulse offset is an important factor for accurate quantitative 19F NMR analysis. 
In this paper, we discuss 19F NMR measurement parameters and the off-resonance effect, which may cause bias in the excited signal area. Based on this knowledge, we present a new approach for accurate quantitative determination by 19F NMR spectroscopy. A comparison of the areas of signals originating from 19F in different regions of a given molecule was carried out to optimize the measurement parameters. The parameters were then applied to the quantitative analysis of 19F in different compounds. 

2. Experimental

2.1. Apparatus and parameters

19F NMR spectra were obtained with a Varian VNS 600 spectrometer operating at the 19F resonance frequency of 564.43 MHz. The probe was a Varian 15N-31P/1H-19F dual-broadband probe equipped with a pulsed field gradient (PFG). Temperature was regulated at 25 °C. A typical set of 19F NMR experimental parameters was as follows: 131579.0 Hz (233.1 ppm) spectral width, 1.0 s acquisition time, 13.0 μs (90 °) or 4.3 μs (30 °) pulse width, and 60 s relaxation delay, and 32 scans were acquired. The inversion recovery pulse sequence was used for longitudinal relaxation time (T1) determination. Data processing was performed using MestReNova ver.6.1.1. All signals were integrated to the range of approximately 80 times of the full-width at half maximum (FWHM) of the integral signal. The integral range was evaluated in advance. The range was optimized by the approach in which the integral area reached a plateau when expanded [17].

2.2. Materials and preparation

Methanol-d4, 4-chloro-N-(2-chloro-4-nitrophenyl)-3-(trifluoromethyl)benzenesulfonamide (flusulfamide, (0.995 ± 0.006) kg kg-1), N-[(4-chlorophenyl)carbamoyl]-2,6-difluorobenzamide (diflubenzuron, (0.998 ± 0.008) kg kg-1), and 4-bromo-2-(4-chlorophenyl)-1-(ethoxymethyl)-5-(trifluoromethyl)-1H-pyrrole-3-carbonitrile (chlorfenapyr, (0.996 ± 0.005) kg kg-1) were obtained from Wako Pure Chemical Industries, Ltd. (Wako). Potassium perfluorooctanesulfonate (PFOS-K) was obtained from Wellington Laboratories Inc. Flusulfamide, diflubenzuron, and chlorfenapyr are RMs, and their chemical purities have been certified.

For the intramolecular analysis, PFOS-K was dissolved in methanol-d4 to make a concentration of approximately 5 mg g-1. For the intermolecular analysis, chlorfenapyr was used as the internal standard (IS) to determine the purities of flusulfamide and diflubenzuron as analytes. Both the analytes and IS were weighed accurately on aluminum pans in an ultra-micro balance (UMX2, METTLER TOLEDO), added to a vial, and dissolved in methanol-d4. All the concentrations were approximately 5 mg g-1.
2.3. Optimization of parameters for quantitative 19F NMR measurement with PFOS-K

All the parameters for quantitative 19F NMR analysis were optimized with reference to those for quantitative 1H NMR analysis [5,11,12]. T1 of 19F signals in PFOS-K was measured to determine the relaxation delay. The repeatability of the signal areas with different pulse flip angles of 90 ° and 30 ° was evaluated. The signal area depend on the chemical shift difference between the excitation pulse offset and the resonance frequencies was evaluated by comparing the spectral areas observed with different excitation pulse offset values. The offset was changed at an interval of 10 ppm to cover the entire spectral width. In addition, the offset was changed at an interval of 1 ppm near the analyte signals. The ratio of two different PFOS-K signal areas was used to optimize the quantitative 19F NMR measurement conditions.

2.4. Application of 19F NMR spectroscopy to intermolecular analysis 

The purity of flusulfamide and diflubenzuron was determined from chlorfenapyl (IS) by 19F NMR measurement under the optimum conditions. The results obtained were compared to the purity of the RMs.

3. Results and discussion

3.1. Optimization of parameters for quantitative 19F NMR measurement
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Figure 1. 19F NMR spectrum of PFOS-K. (a) The full spectrum measured in this work. (b) Expansion of the spectral region of fluorine in main chain (-CF2-).

A typical 19F NMR spectrum of PFOS-K is shown in Fig. 1. The 19F NMR signals indicated wide chemical shift dispersion compared to the 1H NMR signals. Although PFOS-K is composed of a fluorinated alkyl chain, the signals were well separated, which indicates the wide chemical shift dispersion in 19F NMR measurement. In quantitative NMR measurement, signal separation is one of the most important factors because if the signals were not separated from each other, it would not be possible to evaluate their areas independently. Resonance overlap is often a source of problem in 1H NMR measurement. Therefore, 19F NMR measurement may offer a way to counter the problem.

T1 of PFOS-K was estimated to determine the relaxation delay in quantitative 19F NMR measurement. T1 was approximately 2.2 s for a terminal CF3 resonance, and between 1.0 s and 1.9 s for internal CF2 resonances. Based on this result, approximately 30 s is sufficient as the relaxation delay in theory. Nevertheless, we set the relaxation delay at 60 s in the quantitative 19F NMR experiments of PFOS-K, so that we could completely ignore the influence of the relaxation delay. As a free induction decay signal relaxes to noise level, an acquisition time of 1 s was used. 
The smaller the excitation pulse width is, the wider the excitation field range is. Therefore, 90 ° and 30 ° excitation pulses were used to evaluate different excitation profiles. Note that the chemical shift of the terminal CF3 signal was considerably different from those of the CF2 signals. The areas of the two signals from a signal resonated at signal 1 and signal 8 in Fig. 1, respectively, compared with a variety of excitation pulse offsets. The bias from the expected ratio of the areas of signals 1 and 8 was approximately 10 % and 2 % when 90 ° and 30 ° pulses were used, respectively. A smaller pulse width is expected to give a wider flat excitation field profile than a larger pulse width, and our results agree with this idea. Signals 1 and 8 are approximately 50 ppm apart, and the off-resonance effect becomes the major factor for obtaining accurate NMR areas.
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Figure 2. Normalized signal area of PFOS-K at different excitation pulse offsets. White circles (○) show results of measurement using the 30 ° pulse. Black circles (●) show results of measurement using the 90 ° pulse. (a) The offset was changed from the lowest field to the highest one in steps of 10 ppm. (b) The offset was changed from the lowest field to the highest one in steps of 1 ppm.

As the chemical shift dispersion in the 1H NMR spectrum is much narrower, this effect is not a problem. However, the off-resonance effect on the quantitative 19F NMR value has not been evaluated before. Thus, the relationship between the normalized area of signal 1 in PFOS-K and the chemical shift difference between the analyte resonance and the offset was evaluated using 90 ° and 30 ° pulses. The result of the offset array at signal 1 is shown in Fig. 2. Figure 2 (a) indicates that when the offset was approximately 40 ppm from the analyte signal, the signal area was reduced to approximately 50 % of its expected area in the case of the 90° pulse. Although the influence of the off-resonance effect using the 30 ° pulse was much less than that using the 90 ° pulse, the data showed much more scatter due to poor repeatability. The influence of the off-resonance effect in a narrow field range (approximately 20 ppm) was insignificant to the measurement variation. Although this effect influence to bias of between signals, but it could be ignored if the measurement variation is larger than this influence. When high accuracy is discussed with high measurement repeatability, it might be needed to consider as uncertainty factor. This is because the repeatability of the signal area depends on the signal-to-noise ratio (S/N) of the signal, and S/N can be improved by increasing the number of scans. The repeatability of signal 1 using the 90 ° pulse was considerably better than that using the 30 ° pulse when identical scans were compared. With 32 scans, the repeatability of the former case was less than 0.1 % whereas that of the latter case was more than 0.2 %. Although the off-resonance effect was smaller, the result obtained using the 30 ° pulse indicated that further treatments were required to achieve an accuracy of 1 %. Use of the 90 ° pulse is preferable to obtain a better quality spectrum within a shorter period of time.
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Figure 3. Setting the offset for the new method overcomes the off-resonance effect
 It is important to determine the measurement conditions that would suppress the influence of the off-resonance effect to a minimum for accurate quantitative 19F NMR measurements. Inspection of Fig. 2 revealed that the magnitude of the signal area off-resonance effect showed a symmetric behavior to the excitation pulse offset. When the offset was set midway between the analyte signal and the IS signal (Fig. 3), both signal intensities should be influenced by an identical fraction of bias. Therefore, the influence of the off-resonance effect on the signal area is completely suppressed, and it is expected that the signal area will be obtained with high accuracy. It is concluded that an excitation pulse should be applied midway between the two resonance signals whose areas are evaluated. This is the most important factor for obtaining an accurate ratio of two signals in 19F NMR measurement. This method can therefore be used for accurate quantitative NMR measurement targeting two signals with a large chemical shift difference. 

3.2. Method validation with quantitative analysis of intramolecular signals in PFOS-K

	Table 1. Optimum parameters for 19F NMR measurement.

	Measurement nucleus
	: 19F

	Temperature
	: 25 oC

	Spectral width
	: 131579.0 Hz (233.1 ppm)

	Relaxation delay
	: 60 s

	Acquisition time
	: 1 s

	Pulse angle
	: 30 o or 90 o

	Number of scans
	: 32

	


The optimum parameters for the quantitative 19F NMR measurement of PFOS-K are shown in Table 1. In the proposed method, two resonance signals are the target of measurement and the excitation pulse offset is set midway between the two resonances. The difference between the two signals was determined based on the signal in the lower field region. Quantitative 19F NMR measurement was carried out and the signal areas were divided by the number of fluorine atoms. The results are shown in Table 2. 
The difference of two signal areas from the experiments was reduced to 1 % or less using the proposed method, indicating that the influence of the off-resonance effect is decreased in this method. Moreover, the deviation among the results obtained using the 90 ° pulse was smaller than that using the 30 ° pulse as S/N using the 90 ° pulse was much higher. Therefore, use of the 90 ° pulse is advantageous for accurate quantification with 19F NMR spectroscopy. Although the influence of the off-resonance effect using the 90 ° pulse was significant, the effect was almost suppressed and could be ignored using this method.
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3.3. Application to intermolecular analysis

Finally, quantitative analysis of two molecules was attempted using the new method. The excitation pulse offset was set midway between the IS signal and the analyte signal. The NMR spectra of mixtures of flusulfamide and chlorfenapyl, and diflubenzuron and chlorfenapyl are shown in Fig. 4 (a) and (b), respectively. In both cases, chlorfenapyl was the IS. In Fig. 4 (a), the signals of flusulfamide and IS were approximately 6.5 ppm apart, which is considered to be a small chemical shift difference. In contrast, in Fig. 4 (b), the signal of diflubenzuron was separated from that of IS by approximately 57 ppm. Due to the large chemical shift difference between the two signals in the latter case, an accurate ratio of the two signals would not be obtained under conventional quantitative measurement conditions.
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Figure 4. (a) 19F NMR spectra of mixture of flusulfamide (analyte) and chlorfenapyl (IS) for intermolecular analysis. (b) 19F NMR spectra of mixture of diflubenzuron (analyte) and chlorfenapyl (IS) for intermolecular analysis.

Although the prepared concentrations were almost identical and the signal areas were similar, the signal intensity of diflubenzuron was remarkably lower than that of IS.

The purity obtained by the proposed method is shown in Table 3. All measurement results are in good agreement with the reference values. The proposed method was proven to yield an accurate ratio of the two signals, or the purity, even if the signals were separated widely. It is concluded that the proposed method can be used to determine the purity of organic fluorine compounds with an accuracy of 0 % to 1 % of the reference values by quantitative 19F NMR measurement.

	Table 3. Results of intermolecular analysis

	Analyte
	Quantitative value (kg kg-1)
	Reference value

(kg kg-1)

	
	90 ° pulse
	30 ° pulse
	

	Flusulfamide
	0.996 (0.002)
	1.001 (0.008)
	0.995 (0.006)

	Diflubenzuron
	0.997 (0.005)
	1.012 (0.009)
	0.998 (0.008)

	Number in parentheses is the standard deviation.


4. Conclusions

We propose a new method for obtaining the accurate ratio of two single areas by 19F NMR measurement. In 19F NMR measurement, the wide chemical shift dispersion is advantageous for structure determination, but is a big disadvantage for the accurate quantification of signal areas. Our new method solves the problems caused by the off-resonance effect. The developed method reduced the influence of the off-resonance effect. The application of this method is not limited to 19F NMR measurement, but can be extended to 13C NMR, 31P NMR, or other nuclei when the chemical shift difference of two target signals is large. Under the optimum conditions, the ratio of the two signal areas positioned more than 50 ppm apart can be obtained within an accuracy of ±1 %. By using this method, accurate 19F NMR quantitative measurement can be carried out. This method can expand the measurement capability of quantitative NMR. Moreover, with the accurate measurement conditions of 19F NMR set, it is now possible to cross check the purity results obtained by 19F and 1H NMR measurement of fluorine- and proton-containing molecules. 
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Table 2. Estimation of off-resonance effect by comparing intramolecular signal areas. Differences were evaluated based on the signal in the lower field.�
�
Comparison signal�
90 o�
30 o�
�
A�
B�
Difference over area of signal A


/ %�
Difference over area of signal A


/ %�
�
�
�
New method*�
Offset to -85 ppm�
New method*�
Offset to -85 ppm�
�
1�
2�
-0.86�
-3.00�
1.40�
0.43�
�
1�
3�
-0.88�
-5.77�
0.50�
-0.16�
�
1�
4-6�
0.19�
-8.20�
-0.55�
-2.09�
�
1�
7�
-0.14�
-9.94�
-0.53�
-1.79�
�
2�
8�
-0.81�
-7.16�
1.42�
-2.21�
�
*The offset is set midway between the two signals.�
�
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